Induction of myelin-specific CD4 T cells is a pivotal event in the development of experimental autoimmune encephalomyelitis (EAE). Other checkpoints in EAE pathogenesis have not been clearly defined, although multiple genetic loci are known to influence EAE development. We report here that targeted mutation of the heat-stable antigen (HSA) abrogates development of EAE despite a complete lack of effect on induction of autoimmune T cells. To test whether T-cell expression of HSA is sufficient, we created transgenic mice in which HSA is expressed exclusively in the T-cell lineage. We found that these mice remain resistant to EAE induction. Adoptive transfer studies demonstrate that both T cells and non-T cells must express HSA in order for the pathogenic T cells to execute their effector function. Moreover, HSAIg, a fusion protein consisting of the extracellular domain of the HSA and the Fc portion of immunoglobulin, drastically ameliorates the clinical sign of EAE even when administrated after self-reactive T cells had been expanded. Thus, identification of HSA as a novel checkpoint, even after activation and expansion of self-reactive T cells, provides a novel approach for immunotherapy of autoimmune neurologic diseases, such as multiple sclerosis. 
Induction and clinical evaluation of EAE.

ELISpot assay to evaluate frequencies of T cells that produce IFN-γ, IL-2, and IL-4 upon restimulation with MOG peptide in vitro.
The antibody pairs and the procedures have been described (20) , except that the MOG peptide was used for stimulation at 10 µg/mL. The numbers presented are those of cytokine producers per million of draining lymph node cells.
Histology. Mice were sacrificed by CO 2 inhalation. Spinal cords were removed by insufflation and fixed in 10% formalin/PBS. Paraffin sections were prepared and stained with hematoxylin and eosin. Neurologic lesions were graded on each of the 10 cross sections per spinal cord, according the following criteria: 0, no infiltrate; 1, three or less focal meningeal infiltrates; 2, more than three focal meningeal infiltrates; 3, up to five perivascular infiltrate foci in the parenchyma with involvement of less than 5% of the white matter; 4, five to ten perivascular foci in the parenchyma or invasions involving 5-25% the white matter; 5, more than ten perivascular foci or diffuse infiltration involving more than 25% of the white matter.
Passive transfer of EAE. Groups of eight to ten WT and HSA -/-mice were immunized with 200 µg of MOG peptide subcutaneously. At 10 days after immunization, draining lymph nodes were harvested and stimulated at 4 × 10 6 /mL in Click's EHAA medium supplemented with 15% FCS, 5% IL-2 supernatant, and 50 µg/mL of MOG peptide for 4 days. A total of 1 × 10 8 cells were injected intraperitoneally into each recipient mouse that had been γ-irradiated (5.5 Gy) 1 hour earlier.
Preparation of fusion protein and treatment of EAE. The HSA fragment encoding the signal peptide and the mature protein sequence were amplified by PCR, using GGA AAG CTT ATG GGC AGA GC as forward primer, CGA GAT CTC TGG TGG TAG CG as reverse primer, and HSA cDNA as template. The PCR products were digested with Hind III and Bgl II enzymes and were ligated to Hind III-and Xba I-digested pCDM8 vector (Invitrogen Corp., San Diego, USA) and a Xba I-and Bam HI-treated DNA fragment encoding human IgG1 Fc, which were amplified by PCR using CAG GGA TCC CGA GGG TGA GTA CTA AGC TAG CTT CAG CGC TCC TGC CTG as forward primer, CTT CGA CCA GTC TAG AAG CAT CCT CGT GCG ACC GCG AGA GC as reverse primer, and DNA from human peripheral blood as template. The construct was verified by DNA sequencing and was used to transfect the Chinese Hamster Ovary cell line. The cells that secreted HSAIg fusion protein were amplified in DMEM containing 5% FCS until confluence. The cell monolayers were washed with serumfree medium and cultured in optimal M medium for 72 hours. The supernatants were collected and the HSAIg was purified using a protein-G column according to the manufacturer's protocol. The purity of the protein was verified by SDS-PAGE.
Results
To test whether HSA is essential for the development of EAE, we immunized C57BL/6 WT, and HSA-or CD28-deficient mice with MOG peptide AA35-55 in conjunction with CFA and pertussis toxin. As shown in Figure  1a , WT mice developed acute EAE within 2 weeks of peptide immunization, whereas those with targeted mutation of either HSA or CD28 were completely resistant to EAE induction. The requirement for CD28 in EAE induction is consistent with previous reports (26, 27) . Interestingly, although targeted mutation of CD28 ablated induction of MOG-specific T cells, as revealed by proliferative response of draining lymph node cells, that of HSA had little effect on peptide-specific T-cell proliferation (Figure 1b) . Moreover, the frequencies of antigen-specific, IL2-, IL4-, and IFN-γ-producing cells were not altered in HSA -/-mice (Figure 1c) . The anti-MOG peptide IgG responses were also detected in HSA-deficient mice (data not shown). The normal T-cell responses in HSA -/-mice are consistent with our previous observations that targeted mutation of HSA alone is insufficient to prevent induction of T-cell responses (18, 20) . The differential effects of HSA and CD28 mutations on T-cell priming reveal that these genes mediate two distinct checkpoints in the development of EAE: CD28 controls induction of autoreactive T cells, whereas HSA determines their pathogenicity.
Histological Because HSA is expressed on activated T cells and non-T host cells of hematopoietic and neuronal lineages (12, 13, 22) , it is of interest to determine whether HSA expressed on T cells is necessary and/or sufficient for EAE development. We adoptively transferred activated draining lymph node cells to WT and HSA-deficient recipients. As shown in Figure 3 and Figure 4 , WT T cells induced severe EAE in WT recipients within 8 days of adoptive transfer. Interestingly, none of the HSA-deficient recipients developed EAE. Thus HSA expression on T cells alone appears insufficient for EAE development. Moreover, T cells from HSA-deficient mice failed to induce disease regardless of HSA gene status in the recipient, which indicates that HSA expression on T cells is necessary for EAE development. These results strongly suggested that HSA must be expressed on both host cells and autoreactive T cells in order to induce EAE.
To substantiate these observations, we produced mice that expressed HSA exclusively on T cells. We have previously reported the transgenic mice in which expression of HSA was under the control of the lck proximal promoter (HSATG) (22) . For this study, we crossed the HSA transgene to HSA-deficient mice to produce mice that expressed HSA exclusively on T cells (Figure 5a ). To test whether HSA expression on the T-cell lineage is sufficient for EAE development, we immunized WT, HSA-TG, HSA -/-, and HSATG HSA -/-mice with MOG peptide. As shown in Figure 5b , WT and HSATG mice developed EAE with essentially identical kinetics, which indicates that transgenic expression of HSA on T cells does not prevent the production and effector function of self-reactive T cells. Nevertheless, much like HSA -/-mice, the mice with exclusive HSA expression on the Tcell lineage failed to develop EAE. These results demonstrated clearly that HSA expression on T-cell lineage alone is insufficient for EAE development.
That HSA may be a critical checkpoint after activation of self-reactive T cells suggests a novel approach in treating autoimmune neurologic diseases. Given that anti-HSA mAb was toxic in the EAE model, to address this issue, we produced a fusion protein between the extracellular domain of HSA and the Fc portion of human IgG1, to block the HSA-mediated interactions (data not shown). As shown in Figure 6a , the fusion protein has an apparent molecular weight of about 100 kDa under nonreducing SDS-PAGE. After reduction, it migrated as a 50-kDa band. Thus, HSAIg is likely a homodimer, as expected. We treated mice starting at 8-10 days after
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The immunization with MOG peptide, when MOG-specific T-cell response had already expanded in the local lymph nodes. As shown in Figure 6b , HSAIg drastically ameliorated EAE. All HSAIg-treated mice recovered substantially earlier than did the control mice. Because MOG-reactive T cells had been activated before HSAIg administration, the clinical signs in the treated group may reflect the fact that some autoreactive T cells had already migrated into the CNS.
Discussion
We report here that targeted mutation of HSA abrogated the development of EAE. These results demonstrate that HSA is a critical EAE checkpoint. Consistent with our previous observations in priming of CD4 and CD8 T cells specific for virus and foreign antigens (18, 20) , targeted mutation in HSA alone has no effect in induction MOG-specific CD4 T cells, as measured by either cytokine profiles or by in vitro recall proliferative response. Thus, the HSA checkpoint resides after T-cell activation.
Results from adoptive transfer and transgenic mice with exclusive HSA expression in T-cell lineage demonstrate that HSA must be expressed on both T cells and non-T host cells. Many lineages of hematopoietic and neuronal cells express HSA (13) , and the type of non-T host cells that need to express HSA for EAE development remains to be identified.
The data presented here reveal a novel function of HSA in EAE after induction of self-reactive T cells. Following are several mechanisms that can be invoked to explain the role of HSA.
First, recent studies from this and other laboratories revealed that costimulatory molecules, such as B7, play a critical role at both induction and effector phases of antitumor immunity (28-31) and autoimmunity (32) (33) (34) . Because HSA is a costimulatory molecule, it is of interest to consider whether HSA acted as a costimulatory molecule at the effector phase in the development of EAE, much as B7 does (34) . We consider this unlikely because costimulation by HSA does not require HSA expression on T cells (22) , whereas HSA expression on T cells is essential for the development of EAE.
Second, the substantial reduction in inflammation in HSA-deficient mice after MOG immunization favors the notion that HSA may be involved in T-cell trafficking to the CNS. Because HSA is known to interact with P-selectin (35), one hypothesis is that HSA controls EAE development by interacting with Pselectin. This is very unlikely, as P-and E-selectins are not required for EAE development (10) . Moreover, VLA4 binding to VCAM-1 or fibronectin appears essential for T-cell trafficking to the CNS in EAE (4). However, HSA is not required for induction of VLA4 in autoreactive T cells in vivo after immunization (data not shown). Nevertheless, it has been reported that HSA can enhance VLA4 interaction with VCAM-1 and fibronectin (36) . Since VLA4 is essential for Tcell trafficking to CNS, HSA may facilitate this process. Finally, HSA can interact with itself in a homotypic interaction (37) . Because the HSA is expressed at high levels on the vascular endothelial cells in the CNS (data not shown), we suggest that homotypic interaction between HSA on T cells and HSA on vascular endothelial cells may be critical for migration of self-reactive T cells to the CNS.
Regardless of the precise function of HSA in EAE, identification of HSA as a novel checkpoint in EAE developments may provide a new window for immune intervention of autoimmune neurologic disease. This concept is supported by our observation that soluble HSA drastically ameliorated EAE after autoreactive T cells had been primed. Given the presence of autoreactive T cells in autoimmune patients, HSA can be a valuable therapeutic target for neurologic autoimmune diseases, such as multiple sclerosis. The EAE score for control (PBS) or HSAIg-treated mice. EAE was induced in WT mice as described in Methods. On days 8, 10, 12, 14, and 22 after immunization, five mice per group were injected intraperitoneally with 100 µg/mouse of either HSAIg or 100 µL of PBS as control. The effect of HSAIg has been evaluated in three independent experiments with similar results.
